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LITHIUM-ION CELL WITH A WIDE OPERATING TEMPERATURE RANGE 

BACKGROUND OF THE INVENTION 
[0001] The present invention relates to electrochemical cells. More particularly, the 
present invention relates to electrochemical cells using electrolytes, which are preferably 
capable of operating from ambient or low temperatures to higher temperatures such as about 
170°C. 

[0002] The concept of the lithium-ion or rocking chair batteries, where lithium ions 
intercalate and deintercalate between the cathode and the anode was introduced in the early 
nineteen eighties. In 1991, Sony Corporation introduced the first commercially viable 
lithium-ion secondary cell into the market. It contained coke as the anode and LiCo0 2 as 
the cathode. Electrolytes used in commercial lithium-ion cells contain organic solvents such 
as ethylene carbonate, dimethyl carbonate, 1,2-dimethoxy ethane together with a lithium salt 
(e.g., LiPFe). During the first charge, solvent and the anion undergo reduction forming the 
solid electrolyte interphase (SEI); the lithium ion intercalation into the coke electrode occurs 
via the SEI. The SEI passivates the lithiated carbon anode from further reaction with the 
electrolyte and permits stable operation of the rechargeable cell. While this cell includes 
good charge and discharge cycling at ambient temperature and below, its high temperature 
operation is limited to 40 to 50°C because of the volatility of the solvents utilized in making 
the battery, as well as the dissolution of the SEI in the electrolyte which leads to a thermal 
runaway . 

[0003] The higher temperature performance of lithium-ion cells can be improved by 
incorporating anode materials which intercalate lithium ions at voltages higher than the 
reduction voltage of the electrolyte. Such cells show longer cycle life as solvent reduction at 
the electrode surface is eliminated, and do not suffer from a thermal runaway experienced 



by conventional lithium ion cells using coke or graphite as the anode. The Higher voltage 
for lithium ion intercalation at the anode also eliminates the possibility of lithium metal 
deposition and dendrite formation, which shortens cell life. Possible anode materials for 
such cells include, Li 4 Ti 5 0,2 (1.5 V vs. Li), LiW0 2 (0.3 -1.4 V), and LiMo0 2 (0.8 - 1.4 V). 
In spite of the above described advantages, the use of traditional volatile solvents as 
electrolytes, still limits the higher temperature operation. Gel type solid polymer 
electrolytes can extend the higher temperature limit, but as the cell is heated, the liquid 
separates from the solid polymer, which is a limitation factor that affects high temperature 
operation. A solid (dry) polymer electrolyte has poor conductivity at ambient temperature; 
therefore, such an electrolyte permits cell operation only at higher temperatures. Lithium 
metal rechargeable cells are advantageous because of their potential for high energy 
densities. However, the use of organic solvents in the electrolyte limits high temperature 
operation due to solvent volatility. A lithium metal rechargeable cell developed by Tadiran 
Ltd. has a 125°C upper operation temperature limit due to polymerization of its solvent, 1,3- 
dioxalane. 

[0004] Another class of electrolytes that can be used in the lithium-ion cells is based on 
ionic liquids. Ionic liquids are molten salts that are liquids at temperatures below 100°C. 
Ionic liquids comprise entirely of ions (positive ions or cations and negative ions or anions). 
They, generally, have high ionic conductivity, high thermal stability and wide 
electrochemical windows. Further, unlike the solvents in standard lithium ion cells, the 
ionic liquids are non-volatile and non-flammable. 

[0005] Low temperature molten salts can consist of mixtures of compounds, (i.e., anions 
and cations) which are liquid at temperatures below the individual melting points of each 
individual compound. These mixtures, commonly referred to as "melts," can form molten 
compositions simultaneously upon contacting the components together or after heating and 



subsequent cooling. 

[0006] Low temperature molten salts were used as electroplating baths by F.H. Harley 
and T.P. Wier, Jr. in 1948. These low temperature molten salts were obtained by combining 
aluminum chloride with certain alkylpyridinium halide salts, for example, N- 
ethylpyridinium bromide. 

[0007] Since then additional ionic liquids were produced by mixing A1C1 3 with different 
organic cations containing a variety of substituents; however, the field was dominated by 
those containing l-ethyl-3-methylimidazolium cation. Although these ionic liquids were 
useful in studying electrochemistry of both inorganic and organic solutes as well as organic 
and organometallic reactions, the disadvantage of these ionic liquids was the presence of 
anions (A1C1 4 ~, AI2CI7") derived from strong Lewis acid AICI3 which liberate toxic gas when 
exposed to moisture. 

[0008] In 1992, a new class of water and oxygen stable ionic liquids was described by 
Wilkes and Zaworotko, and by Cooper and Sullivan. These ionic liquids had the anion 
derived from the Lewis acid AICI3 replaced by water and oxygen stable anions such as BF 4 ~, 
CH3COO-, CF3SO3" and CH 3 S0 3 \ Some of these ionic liquids (e.g EMIBF4, EMITriflate) 
showed high electrochemical stability as well as thermal stability. 

[0009] In addition, melts can contain an EMI + cation and PF 6 ~ anion. Besides room 
temperature melts containing EMI + cations, melts have also been prepared with different 
cations, such as the 1,3 dialkylimidazolium cation and the 1,2,3 trialkylimidazolium cation. 
For example, l-(n-butyl)-3-methylimidazolium cation utilizing anions such as BF 4 PF 6 ", 
and AsF 6 " have been prepared. The latter melts show wider electrochemical windows than 
EMf containing melts; however, they also show lower conductivity and lower melting 
points. In addition, the above melts are not stable toward lithium, a strong reducing agent. 
[0010] Another class of ionic liquids is based on pyrazolium cation which is a structural 



isomer of the imidazolium cation. Pyrazolium tetrafluoroborate ionic liquids were observed 
to be stable to lithium metal from room temperature to high temperatures (150 to 160°C). 
The application of ionic liquids in lithium metal rechargeable cells from ambient 
temperature to higher temperature (130°C) using pyrazolium cation based ionic liquids is 
described in U.S. Patent No. 6,326,104 Bl, which is incorporated in its entirety by reference 
herein. The electrolytes used in these cells are reduced by lithium metal anode forming a 
passivating layer on its surface. Increase in cell resistance and decrease in capacity with 
cycling observed in these cells may be due to breakdown and reformation of the passivating 
layer. In addition, the electrolytes used in these cells contained anions such as BF 4 " and 
AsF 6 \ that can dissociate to corresponding Lewis acids (BF 3 and AsF 5 ) and LiF, during high 
temperature operation, leading to cell deterioration. Further, U.S. Patent No. 5,683,832 
relates to hydrophobic liquid salts of imidazolium cations and Imide anions. U.S. Patent 
No. 5,827,602 relates to specific hydrophobic ionic liquids and generally mentions various 
anions and cations, but only tests one of them and describes not preferred combinations to 
obtain electrical and physical properties critical to successful operation of the 
electrochemical cells. 

[0011] The operation of passivation free lithium-ion cells, at ambient temperature, using 
ionic liquids is described in Nakagawa et al. (Yuasa-Jiho, 91, 31, 2001, J. Electrochem. Soc. 
150, (6), A695-A700 (2003)) and Michot et al. (U.S. Patent No. 6,365,301 Bl). In one 
example, Li 4 Ti 5 Oi 2 /LiCo02 electrodes containing 1 -ethyl-3-methylimidazolium 
tetrafluoroborate (EMIBF 4 )/LiBF 4 electrolyte was cycled at ambient temperature producing 
over 150 cycles. In another example, Li 4 Ti 5 0]2/LiCo0 2 containing l-ethyl-3- 
methylimidazolium bis-fluorosulfornimidide (EMIFSI)/LiFSI as electrolyte was used, where 
cycling results were not reported. 

[0012] During the present studies it was observed that Li 4 Ti 5 0i2/LiMn20 4 and 
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Li 4 Ti 5 Oi 2 /LiCo02 cells containing EMIBF4/LiBF 4 or l-ethyl-2-methylpyrazolium 
tetrafluoroborate (EMPBF 4 )/LiBF 4 as electrolyte, operated with stable capacity at ambient 
temperature and at slightly higher temperature; however, capacity was rapidly lost with 
cycling at 80° to 100°C 80% decrease in 20 cycles). 

[0013] The above references provide no solution for an electrochemical cell that can 
operate over a large range of temperatures. Therefore there is a need for lithium-ion cells 
that will operate from low temperature to higher temperatures (e.g., 170°C). Such cells will 
find applications in oil/gas drilling operations, and also in automotive, aircraft and space 
environment as well as other applications. 

SUMMARY OF THE PRESENT INVENTION 
[0014] It is therefore a feature of the present invention to provide an electrochemical cell 
including a cathode, an anode, and an electrolyte from an ionic liquid containing at least one 
imidazolium and/or a pyrazolium cation and at least one non-Lewis acid derived anion, 
wherein the electrochemical cell can preferably operate at temperatures of from about 
ambient temperature (e.g., 20°C) to about 170°C. 

[0015] A further feature of the present application is to improve the cycling charging and 
discharging of an electrochemical cell. 

[0016] A further feature of the present invention is to provide rechargeable lithium-ion 
cells which contain ionic liquids as electrolytes. The cells can include, in addition to the 
electrolyte, an anode, and a cathode. The anode may comprise lithium intercalating material 
such as Li 4 Ti 5 0i2, LiW0 2 , and LiMo0 2 . The cathode can comprise Li x Mn 2 0 4 ; Li x Co0 2 ; 
modified Li x Mn 2 0 4 electrodes; Li x Mn 2 _ x Cu x 0 4 , wherein 0.1<x<0.5; LiMo o2Mni. 98 0 4 , wherein 
M can be B, Cr, Fe, and Ti; a transition metal oxide; or an electrochemically active conductive 
polymer; LiFeP0 4 , LiCoP0 4 , LiMnP0 4 , or a combination thereof. 

[0017] Additional features and advantages of the present invention will be set forth in part 
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in the description that follows, and in part will be apparent from the description, or may be 
learned by practice of the present invention. The objectives and other advantages of the 
present invention will be realized and attained by means of the elements and combinations 
particularly pointed out in the description and appended claims. 

[0018] To achieve these and other advantages, and in accordance with the purposes of the 
present invention, as embodied and broadly described herein, the present invention relates to 
an electrochemical cell and an electrolyte for the cell, wherein the electrolyte can be in the 
form of a pyrazolium cation-containing molten salt, an imidazolium cation-containing 
molten salt, or a combination thereof, and at least one non-Lewis acid derived counter ion. 
The counter ion preferably includes bis(trifluoromethylsulfonyl)imide (CF 3 S02)2N~ (imide), 
bis(perfluoroethylsulfonyl)imide (CF 3 CF 2 S0 2 )2N" (BETI), 

tris(trifluoromethylsulfonyI)methide (CF 3 S0 2 )3C" (methide), trifluoromethylsulfonate 
CF3SO3" (triflate, TF) or a combination thereof. The electrolyte preferably exhibits an 
oxidation limit of greater than about 5 V vs. lithium, reduction voltage less than 1.5 V vs. 
lithium, and is thermally stable to at least about 300°C. 

[0019] A further feature of the present invention is to provide an electrochemical cell 
including anodes such as Li 4 Ti 5 0i2 and an ionic liquid electrolyte, wherein the lithium 
intercalation (and deintercalation) occurs without the reduction of the electrolyte. Therefore 
the cell operation occurs without the formation of a passivating layer on the anode. 
[0020] An additional feature of the present invention is to provide an electrochemical cell 
comprising an anode, a cathode, and electrolyte wherein the cell has a ratio of cathode 
capacity to anode capacity of 2 or greater. 

[0021] It is to be understood that both the foregoing general description and the following 
detailed description are exemplary and explanatory only and are intended to provide a further 
explanation of the present invention, as claimed. 
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[0022] The present invention may be more fully understood with reference to the 
accompanying drawings which are intended to illustrate, not limit, the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0023] Fig. 1 is a schematic diagram of a test cell which can be used to test the cell 
performance over a wide temperature range; 

[0024] Fig. 2 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where the ratio of cathode capacity to anode capacity 
(C/A) = 1.08, at temperatures of 95 °C and 142 °C, using 0.3 mA and 0.5 mA currents; 
[0025] Fig. 3 is a graph illustrating charging/discharging curves for the test cell in Fig. 
2, where the ratio C/A = 1 .08, at 142 °C using 0.5 mA current; 

[0026] Fig. 4 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where the ratio C/A = 1 .7, at 21 °C and 1 30 °C using 0.2 
mA and 1.65 mA currents; 

[0027] Fig. 5 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 1.8, at 90 °C and 1 14 °C using 0.42 
mA current; 

[0028] Fig. 6 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where the ratio C/A = 1.2, at 120 °C and 140 °C using 
0.2 mA charge/2.0 mA discharge currents; 

[0029] Fig. 7 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where the ratio C/A = 1.5, at 130 °C using 0.3 mA 
charge/0.95 mA discharge currents; 

[0030] Fig. 8 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 2.1, at 133 °C using 0.3 mA 
charge/discharge currents followed by 0.3 mA charge/1 .5 mA discharge currents; 
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[0031] Fig. 9 is a graph illustrating charging/discharging curves for the test cell in Fig. 
8, where the ratio C/A = 2.1, at 133 °C using 0.3 mA current; 

[0032] Fig. 10 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 2.3, at 100 °C, 120 °C, and 138 - 148 
°C using 0.2 mA and 0.3 mA currents; 

[0033] Fig. 1 1 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 1.36, at 122 - 124 °C using 0.42 mA 
current; 

[0034] Fig. 12 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 2.63 at 1 19 - 124 °C using 0.2 mA 
current; 

[0035] Fig. 13 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 1.26, at 132 °C and 150 °C using 0.2 
mA charge/2.0 discharge currents; 

[0036] Fig. 14 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 2.76, at 132 °C, 152 °C, and 162 °C 
using 0.1 mA and 0.2 mA currents; 

[0037] Fig. 15 is a graph illustrating charging/discharging curves for the test cell in Fig. 
14, where the ratio C/A = 2.76, at 152 °C using 0.1 mA current; 

[0038] Fig. 16 is a graph illustrating the charging/discharging capacity and efficiency 
versus cycle number for a test cell, where ratio C/A = 2.7, at 130 °C using 0.1 mA current 
followed by 0.2 mA current; and 

[0039] Fig. 17 is a graph illustrating charging/discharging curves for the test cell in Fig. 
16, where the ratio C/A = 2.7, at 130 °C using 0.1 mA current. 



-9- 



DETAILED DESCRIPTION OF THE PRESENT INVENTION 
[0040] The present invention relates to electrochemical cells which are useful for a 
variety of applications, including rechargeable electrochemical cells, for instance, lithium- 
ion cells. One of the preferred beneficial properties is the ability of the cells containing the 
electrolytes to cycle at ambient temperature, low temperatures, as well as high temperatures. 
This is an important property for practical operations of the electrochemical cell. Another 
embodiment of the present invention involves an improvement in one or more properties by 
using a ratio of cathode capacity to anode capacity of 2 or greater. 

[0041] The electrochemical cells of the present invention contain water stable ionic 
liquids together with a lithium salt, as electrolytes which preferably have high stability 
toward oxidation (>5 V vs. lithium) and reduction (<1.5 V vs. lithium). The electrolytes 
used in the present invention, preferably, have a wide liquidus range and high 
thermochemical and electrochemical stability. These electrolytes are preferably salts and 
more preferably molten salts which generally have at least one cation and at least one anion 
as well as a dissolved lithium salt. 

[0042] Preferably, the electrolytes used in the present invention contain at least one 
pyrazolium cation, imidazolium cation, or a combination thereof, together with a dissolved 
lithium salt. The electrochemical cell of the present invention also contains an anode, a 
cathode, a separator and, at least one electrolyte according to the present invention. 
[0043] For purposes of the present invention, low temperature electrolytes (e.g. molten 
salts) are preferably electrolytes that are liquid below about 100° C at standard pressure. 
According to embodiments of the present invention, the electrolyte or ionic liquid used in 
the electrochemical cell can contain a pyrazolium based cation, an imidazolium based 
cation, or a combination thereof, and a non-Lewis acid derived counter anion, together with 
a lithium salt. For purposes of the present application, the pyrazolium based cation can be a 
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pyrazolium cation, a pyrazolium cation containing salt, and the like. Similarly, the 
imidazolium based cation can be an imidazolium cation or an imidazolium cation 
containing salt, and the like. Preferably the non-Lewis acid derived counter anion includes 
an imide, a BETI, a methide, a triflate, or a combination thereof. The preferred electrolytes 
include those represented by the formulae: 





wherein Ri and R 2 represent independently an alkyl group (e.g. CI -CI 2 alkyl), and R 3 , R4, 
and R 5 represent independently H, or an alkyl group (e.g., C1-C5 alkyl). R] and R 2 can be 
the same or different. R 3 , R4, and R 5 can be the same or different. Preferably, R 2 is a methyl 
group and Ri is either a methyl group or an ethyl group. 

X' is a counter ion (i.e. anion) and is preferably at least one of imide, BETI, 
methide, triflate or a combination thereof. The anion of the present invention can be selected 
from the following groups: 

R 7 — S0 2s ^ y/ \^ k ? _ S Q 2 
V°3 N " R 9 N" R 8 — S0 2 C" 

wherein R6, R 7 , R 8 and, Ri 0 (which can be the same or different) represent halogenated 
alkyl group (e.g., C1-C4 alkyl). R 9 represents a separate halogenated alkylene moiety (e.g. 
C 2 to C 6 alkylene). The halogen can be any halogen, such as F, CI, Br. Examples of these 
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anions include CF 3 S0 3 \ (CF 3 S0 2 ) 3 C, (CF 3 S0 2 ) 2 N- and, (CF 3 CF 2 S0 2 )2N\ 
[0044] Particularly preferred formulae for cations include: 
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[0045] The electrolytes used in the present invention can be hydrophobic or hydrophilic. 
[0046] A combination of two or more molten salts can be used in the present invention. 
According to some embodiments of the present invention, the electrolyte comprises a binary 
molten salt comprising a mixture of single salts, at least one of which contains a pyrazolium 
cation, an imidazolium cation, or a combination thereof. If the electrolyte contains a binary 
system, the binary molten salt mixture preferably contains a second cation which differs 
from the primary cation, which is preferably an imidazolium cation or a pyrazolium cation. 
The second cation may be in the form of a lithium salt, such as lithium imide, lithium BETI, 
lithium methide, lithium triflate, and the like. 

[0047] If the electrolyte contains two cations, each can be in the form of a salt, and the 
anions of the two salts may be the same or different from one another. The pyrazolium 
cation or the imidazolium cation, whichever may be the case, and the second cation may 
each be in the form of a salt. In one example, the primary cation, which can be an 
imidazolium cation or a pyrazolium cation is in a form of two salts that differ. In another 
example, the molten salt mixture includes two different salts, for example one salt 
containing an imidazolium cation. When the primary cation and the secondary cation are 
both in the form of a salt, at least one of the two salts can include 1,2- 
dimethylpyrazolium(DMP)BETI, 1 ,3,-dimethylimidazolium (DMI)BETI, 1 -ethyl-2- 
methylpyrazolium (EMP)BETI, EMIBETI, DMPimide, EMPimide, DMIimide, , EMIimide, 
DMPmethide, EMPmethide, DMImethide, EMImethide, DMPTF, EMPTF, DMITF or 
EMITF. Each of the salts may comprise DMPBETI, DMIBETI, EMPBETI, EMIBETI, 
DMPimide, EMPimide, DMIimide, EMIimide, DMPTF, EMPTF, DMITF or EMITF. In all 
cases, the electrolyte also contains a dissolved lithium salt. 

[0048] According to some embodiments of the present invention, the electrolyte can be 
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a ternary mixture of three different cations. The electrolyte can include a mixture of three 
single salts, at least one of which contains a pyrazolium cation or an imidazolium cation. 
Preferably, the second cation differs from the first cation, which can be either a pyrazolium 
cation or an imidazolium cation, and a third cation can differ from the first cation and the 
second cation. At least one of the three cations can preferably be a lithium salt such as 
lithium imide, lithium BETI, or lithium triflate (LiTF). Preferably the lithium salt is 
selected from a Liimide, LiBETI, Limethide, LiTF or a combination thereof. The first 
cation, which can be either a pyrazolium or imidazolium cation, second cation, and/or third 
cation can be in the form of a salt, and the anions of the three salts may be the same or 
different. According to an embodiment of the present invention, at least one of the anions 
differs from the other two anions. In another example, the anions of the three salts are the 
same. 

[0049] According to some embodiments of the present invention, the first cation, which 
can be a pyrazolium cation or an imidazolium cation, the second cation, and/or the third 
cation can be in the form of a salt, and at least one of the three salts comprises DMPBETI, 
DMIBETI, EMPBETI, EMIBETI, DMPimide, DMIimide, EMPimide, EMIimide, 
DMPmethide, DMImethide, EMPmethide, EMImethide, DMPTF, DMITF, EMPTF or 
EMITF. Two or more of the salts may be DMPBETI, DMIBETI, , EMPBETI, EMIBETI, 
DMPimide, DMIimide, EMPimide, EMIimide, DMPmethide, DMImethide, EMPmethide, 
EMImethide, DMPTF, DMITF, or EMPTF, EMITF, and another one of the three salts can 
include Liimide, LiBETI, Limethide, LiTF, or a combination thereof. 
[0050] In some embodiments, the pyrazolium cation, the imidazolium cation, or the 
combination thereof are in the form of a pyrazolium salt, an imidazolium salt, or a 
pyrazolium and imidazolium salts, which can be distributed throughout a polymer matrix. 
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[0051] The electrochemical cell of the present invention includes a cathode and an 
anode. Any known electrode material can be used as the cathode. For example, any 
electrode materials such as Li x Mn 2 0 4 ; Li x Co0 2 ; modified Li x Mn 2 0 4 electrodes; 
Li x Mn 2 _ x Cu x 0 4 , wherein 0.1<x<0.5; LiM 0 02Mni. 9 8O 4 , wherein M is selected from B, Cr, Fe, 
and Ti, a transition metal oxide; or an electrochemically active conductive polymer can be 
utilized as the cathode material. Additionally, the cathode can include LiCo0 2 , LiFeP0 4 , 
LiCoP0 4 , LiMnP0 4 , or a combination thereof. Preferably, the cathode of the present 
invention is LiCo0 2 (e.g., 3.0 to 4.5 vs. Li; average 3.7 V) or LiFeP0 4 . The anode of the 
present invention can contain materials that intercalate lithium at voltages higher than the 
reduction voltage of the electrolyte. Preferably, the anode of the present invention includes 
Li 4 Ti 5 0, 2 (1.5 Vvs. Li). 

[0052] In one example, the electrode material of the present invention containing 
Li 4 Ti 5 0i 2 as the anode and LiCo0 2 as the cathode was charged at a constant current to a 
cutoff voltage of 2.5 V (4.0V vs. Li) so that less than 50% of the lithium in LiCo0 2 was used 
in the cell operation. In the present invention, any ratio of cathode capacity/anode capacity 
can be used. Preferably, the ratio of cathode capacity/anode capacity is 2 or greater, (such as 
greater than 2.2, greater than 2.5, greater than 2.75, greater than 3, greater than 3.2, and so 
on.) Preferably, the ratio is 2 to 3 or 2.2 to 2.8. More preferably, the cathode is LiCo0 2 and 
the anode is Li 4 Ti 5 0i 2 and the ratio of LiCo0 2 capacity/Li 4 Ti 5 Oi 2 capacity is greater than 2. 
This ratio provides capacity stability to the electrochemical cell operating at temperatures 
greater than 100°C. 

[0053] The electrolyte used in the electrochemical cell of the present invention can 
exhibit an oxidation limit of greater than about 5 V vs. lithium, reduction voltage less than 
1.5 V vs. lithium and a thermal stability of up to at least about 300°C 



-15- 



[0054] According to some embodiments of the present invention, the electrolyte of the 
electrochemical cell includes an ionic liquid containing at least one imidazolium and/or 
pyrazolium cation and at least one non-Lewis acid derived anion, wherein the 
electrochemical cell operates from about ambient temperature (e.g., 20 to 25° C) to a 
temperature of about 170°C. Preferably, the cell of the present invention provides 
consistent charge and discharge cycling at this broad temperature range. 
[0055] The ionic liquid synthesis of the present invention can be derived from any 
established method. For example, EMIBETI can be synthesized from EMIC and LiBETI 
using the procedure described in U.S. Patent No. 5,683,832, which is incorporated in its 
entirety by reference herein. Similarly, DMPBETI can be prepared using procedures 
described in U.S. Patent No. 6,326,104 Bl and U.S. Patent No. 5,683,832, which are 
incorporated in its entirety by reference herein. EMPBETI can be prepared by substituting 
diethyl sulfate for dimethyl sulfate. The ionic liquid can then be dried at 80 °C under 
vacuum for five days. The melting point of EMPBETI was 27° C-27.5 0 C and that of 
DMPBETI was 74.8° C-75.2 0 C. The moisture content of the three ionic liquids were then 
determined by Karl Fischer method to be between 24-35 ppm. 

[0056] As stated previously, the anode for the present invention contains a higher 
voltage lithium intercalated electrode material. More preferably, the anode of the present 
invention includes Li4Ti 5 Oi 2 . Li 4 Ti 5 Oi2 can be prepared by methods described in the 
literature, for example, the method provided in U.S. Patent No. 5,766,796, was used in this 
work. The Li 4 Ti 5 0i2 produced was ground and sieved; the fraction between 20-100 fim was 
used for electrode preparation. X-ray diffraction analysis illustrated that it contained 
approximately 95% Li 4 Ti 5 0i2. 

[0057] Cathodes that can be used in the present invention include Li x Mn 2 C>4; Li x CoC>2; 
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modified Li x Mn 2 0 4 electrodes; Li x Mn2-xCu x 0 4 , wherein 0.1<x<0.5; LiM0.02Mn1.9gO4, 
wherein M is selected from B, Cr, Fe, and Ti: a transition metal oxide; or an 
electrochemically active conductive polymer. More preferably, the cathode includes 
LiCo02, LiFeP04 ? LiCoP04, LiMnP04, or a combination thereof. Most preferably, the 
cathode includes LiCo0 2 or LiFeP0 4 . The LiFeP0 4 of the present invention is prepared by 
using the material given in Anderson et al. (Electrochemical and Solid State Letters 3, 66-68 
(2000)). After decomposition of the starting materials in vacuum at 300°C, the material was 
powdered and heated at 800°C for 24 hours under argon as described in Padhi et al. (J. 
Electrochem. Soc. 144, 1188-1194 (1997)). 

[0058] The present invention can be used in all electrochemical cell devices, including 
but not limited to, batteries and the like. The components of these devices would include the 
electrochemical cell of the present invention along with conventional components that form 
the device. All patents, applications, and other publications mentioned herein are 
incorporated in their entirety by reference herein. 

[0059] The present invention will be further clarified by the following examples, which 
are intended to be exemplary of the present invention. 

EXAMPLES 

Oxidation and Reduction Potentials of the Ionic Liquids 

[0060] Oxidation and reduction potentials of EMIBETI, EMPBETI, and DMPBETI 
depending on temperature were determined by cyclic voltammetry. Cyclic voltammetry 
measurements were performed on an EG&G Model 273 Potentiostat/Galvanostat. Cyclic 
voltammograms were acquired in small volume cells (O.lmL to 3mL) obtained from 
Cypress Systems, Inc. Lawrence, KS modified in house utilizing mini-glassy carbon 
(diameter 1 mm), platinum (diameter 0.5 mm), or tungsten (diameter 0.75 mm) as working 
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electrodes, mini-platinum electrode as the counter electrode, and silver wire electrode as the 
quasi reference electrode. Potential of Ag quasi reference electrode was -3.0 V vs. lithium 
electrode (J. Electrochem. Soc, H6, 1687 (1999)). Cyclic voltammograms were obtained 
at a sweep rate of 50mV/sec and potential measured at 1 mA/cm 2 . 

[0061] Table 1 illustrates oxidation and reduction potentials of EMIBETI, EMPBETI 
and DMPBETI depending on temperature at glassy carbon, platinum, and tungsten 
electrodes. 

Table 1 

Oxidation and reduction potentials for EMIBETI, EMPBETI and DMPBETI depending on 
temperature at glassy carbon, platinum and tungsten electrodes (quasi Ag reference 
electrode) 



Electrode 


T(°C) 


Oxidation - reduction potentials(Volts) 
EMIBETI EMPBETI DMPBETI 


GCE 


RT 


+2.50 -2.05 +2.45 -2.20 




RT 


+2.45 -2.00 +2.75 - 1.90 


Pt 


95 
106 


+2.70 -1.75 

+2.45 -1.50 




110 


+2.60 -1.55 




150 


+2.50 -1.50 




RT 


+2.80 -1.90 




98 


+2.60 -1.75 



w 
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100 2.40- 1.85 

150- 155 ■ +2.50- 1.50 +2.50- 1.70 2.25- 1.80 



RT- room temperature (~ 25° C) 

Electrodes: GCE -glassy carbon electrode 
Pt - platinum electrode 
W - tungsten electrode 

[0062] Table 1 indicates that oxidation and reduction potentials at RT for EMPBETI are 
almost identical on Pt and W electrodes while they are less positive and more negative on 
GCE. For EMIBETI they are almost identical on GCE and Pt electrode. Further, these 
potentials are very similar on GCE except for reduction potentials which are more negative 
for EMPBETI. When the temperature was increased, both oxidation and reduction 
potentials decreased. It appears that the reduction potentials of pyrazolium based ionic 
liquids are affected less by an increase in temperature than those of imidazolium based ones. 
For example, reduction potentials of EMPBETI and DMPBETI at 150-155°C are more 
negative than that of EMIBETI (-1.7V, -1.8V, and -1.5V, respectively). Above results 
indicate that in most cases, the reduction potentials are more negative than the 
corresponding potential for a fully charged anode Li 4 Ti 5 0i2 (1.5 V vs. Li) even at a 
temperature of 150-155°C; thus it is fair to assume that the cell LiCo0 2 /Li 4 Ti 5 Oi2 
containing the above mentioned ionic liquids operates at high temperatures without 
electrolyte decomposition. 
Electrochemical Cells 

[0063] The cells were constructed employing an a-alumina tube (1) with inner diameter 
of 0.5 inch as the body of the cell (Figure 1). Two 304 stainless steel cylinders (current 
collectors) (2) were introduced into the a-alumina tube; one of the cylinders was spring 
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loaded. The cylinders were mounted between two flanges (3), which were held at the same 
length and position, using three stainless steel threaded rods (4). The rods protruded 
through the flanges and were held together by bolts (5). All metal parts were made of 304 
stainless steel except for the spring which was made of 1 8/8 stainless steel. 
[0064] The electrodes, the separator, and the electrolyte (6) were set between stainless 
steel cylinders. 

[0065] The LiCo0 2 cathode was made by mixing LiCo0 2 (EM Industries, Hawthorne, 
NY.), and carbon with a solution of polyvinylidene fluoride (PVDF, Solvay 20810, Solvay 
Advanced Polymers, Inc. Houston, TX) in acetone to form a slurry which was stirred to 
obtain a homogeneous composition. The slurry was spread on an aluminum foil and was 
dried first in air and next in vacuum at 80°C to 90°C overnight. The ratio of 
LiCo0 2 :C:PVDF was 85:5:10. The Li 4 Ti 5 0i 2 anode was made by mixing Li 4 Ti 5 Oi 2 and 
carbon with a solution of polyvinylidene fluoride (PVDF) in acetone to form a slurry, which 
was stirred to obtain a homogeneous composition. The slurry was spread on a copper foil 
and was dried first in air and next in vacuum at 80° C- 90° C overnight. The ratio of 
Li 4 Ti 5 0i 2 : C: PVDF was 85: 5:10. Whatman glass microfibre filter was used as a separator. 
[0066] The diameters of the electrodes were 0.5 inch each. 
Example 1 

[0067] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 Oi 2 
[0068] The cathode had a practical capacity of 2.1 mAh and the anode had a capacity of 
a 1.9 mAh. (ratio cathode capacity/anode capacity C/A = 1.08). The cut-off voltages for 
charge/discharge cycling were set at 2.5V on charge and 2.0 V on discharge. However, for 
high current discharges, the cut-off voltage was set at 1.8 V. Results for cycling at 95°C 
using 0.3 mA current and at 142° C using 0.5 mA are shown in Fig 2. Charge/discharge 
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cycles are shown in Fig 3. The cell capacity was stable with cycling at 95° C. However, at 
142° C cell capacity decreased progressively with cycling (30% decrease in 30 cycles). 
Example 2 

[0069] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 0i 2 with the cathode 
having a practical capacity of 3.0 mAh and the anode with 1 .72 mAh (C/A = 1 .7). 
[0070] Cut-off voltages for cycling were set at 2.5 V for charge and 2.0 V for discharge. 
When the cell was cycled at 21 °C using 0.2 mA current, the cell showed stable capacity, but 
at 130°C using 1.65 mA current, the cell capacity decreased progressively (34% decrease in 
30 cycles, Fig. 4). 
Example 3 

[0071] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 Oi 2 with the cathode 
having a practical capacity of 3.75 mAh and the anode with 2. 1 mAh (C/A = 1 .8). 
[0072] Cut-off voltages for cycling were set at 2.5 V for charge and 2.0 V for discharge. 
When the cell was cycled at 90 °C (0.42 mA), the cell showed stable capacity, but at 1 14° C 
(0.42 mA) the capacity decreased with cycling (30% decrease in 20 cycles, Fig. 5). 
Example 4 

[0073] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 0 12 with the cathode 
having a practical capacity of 2.56 mAh and the anode with 2. 1 mAh (C/A = 1 .2). 
[0074] Cut-off voltages for cycling were set at 2.5 V on charge and 1.8 V on discharge. 
At 120 °C (0.2 mA charge/2.0 mA discharge) the capacity decreased slowly with cycling 
(11% decrease in 20 cycles), while at 140°C, it decreased at a higher rate (13% in 10 cycles, 
Fig. 6). 
Example 5 

[0075] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/L^TisOn with the cathode 
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having a practical capacity of 3.0 mAh and the anode with 2.0 mAh (C/A = 1 .5). 

[0076] Cut-off voltages for cycling were set at 2.5 V on charge and 1.8 V on discharge. 

When it was cycled at 1 30° C (0.3mA charge/0.95mA discharge) the cell capacity decreased 

continuously (44% decrease in about 50 cycles Fig. 7). 

Example 6 

[0077] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 Oi 2 with the cathode 
having a practical capacity of 3.1 5 mAh and the anode with 1 .5mAh (C/A = 2.1). 
[0078] The cell was cycled at 133° C using 0.3 mA for both charge and discharge (cut- 
off voltages 2.5/2.0 V) and later with 0.3 mA for charge and 1.5 mA for discharge (cut-off 
voltages 2.5/1.8 V). The cell showed stable capacity with cycling under both conditions 
(Fig. 8). 

[0079] Charge/discharge cycles are shown in Fig. 9. 
Example 7 

[0080] The cell LiCo0 2 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 Oi 2 with the cathode 

having a practical capacity of 1 .4mAh and the anode with 0.6mAh (C/A = 2.3). 

[0081] It was cycled at 100° C (0.2mA, 2.5/2.0 cut-off voltages), 120° C (0.2 mA) and at 

138° C to 148° C (0.3 mA). It showed stable capacity with cycling under all three conditions 

(Fig. 10). 

Example 8 

[0082] The cell LiCo0 2 /EMPBETI + 0.8 molal LiBETI/Li 4 Ti 5 0i 2 with the cathode 
having a practical capacity of 2.85 mAh and the anode with 2.1 mAh (C/A = 1.36). 
[0083] The cell was cycled at 122° C to 124° C (0.42mA, 2.5/2.0 V cut-off voltages) 
when the capacity decreased with cycling (24% decrease in 12 cycles, Fig. 1 1). 
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Example 9 

[0084] The cell LiCo0 2 /EMPBETI + 0.8 molal LiBETI/Li 4 Ti 5 0i2 with the cathode 
having a practical capacity of 2.37 mAh and the anode with 0.9 mAh (C/A = 2.63). 
[0085] When the cell was operated at 119° C to 124° C (0.2 mA, 2.5/2.0 V cut-off 
voltages) cell capacity showed much higher stability with cycling (« 3% decrease in 40 
cycles, Fig. 12). 
Example 10 

[0086] The cell LiCo0 2 /DMPBETI + 0.8 molal LiBETI/Li 4 Ti 5 0, 2 with the cathode 
having a practical capacity of 2.59 mAh and the anode with 2.05 mAh (C/A = 1 .26). 
[0087] The cell was cycled at 132° C (0.2 mA charge/2.0 mA discharge, 2.5/1.8 V cut- 
off voltages) when the capacity decreased with cycling (50% in about 80 cycles), while at 
150°C it decreased even faster with cycling (55% in 20 cycles, Fig. 13). 
Example 1 1 

[0088] The cell LiCo0 2 /DMPBETI + 0.8 molal LiBETI/Li 4 Ti 5 0 12 with the cathode 
having a practical capacity of 1 .3 mAh and the anode with 0.49 mAh (C/A = 2.76). 
[0089] The cell was cycled at 132, 152 (0.1 mA, 2.5/2.0 V cut-off voltages), and at 162° 
C (0.2 mA), when the cell capacity decreased only slightly with continued cycling (Fig. 14). 
[0090] Charge/discharge cycles are shown in Fig. 15. 
Example 12 

[0091] The cell LiFeP0 4 /EMIBETI + 0.8 molal LiBETI/Li 4 Ti 5 Oi 2 
[0092] The LiFeP0 4 cathode was made by mixing LiFeP0 4 and carbon with a solution 
of polyvinylidene fluoride (PVDF, Solvay, Solvay 20810, Solvay Advanced Polymers, 
Houston, TX) in acetone to form a slurry which was stirred to obtain a homogeneous 
composition. The slurry was spread on an aluminum foil and was dried first in air and next 



-23- 



in vacuum at 80° C - 90° C overnight. The ratio of LiFeP0 4 :C:PVDF was 85:5:10. The 
Li 4 Ti 5 Oi2 anode was made as described earlier. Whatman glass microfibre filter was used 
as a separator. The diameter of the electrodes was 0.5 inch each. The cathode had a 
practical capacity of 2.7 mAh and anode had a capacity of a 1.0 mAh. (ratio cathode 
capacity/anode capacity C/A = 2.7). The cut-off voltages for charge/discharge cycling were 
set at 2.3V on charge and 1.5V on discharge. Results for cycling at 130° C using 0.1 mA 
current followed by 0.2 mA are shown in Fig. 16. A charge/discharge cycle is shown in Fig. 
17. Initially, the cell capacity decreased rapidly. However, the cell capacity stabilized with 
cycling, and the cell could be cycled over 35 cycles with 15% loss in capacity. 
[0093] Although the present invention has been described in connection with preferred 
embodiments, it will be appreciated by those skilled in the art that additions, modifications, 
substitutions and deletions not specifically described may be made without departing from 
the spirit and scope of the invention defined in the appended claims. 

[0094] Other embodiments of the present invention will be apparent to those skilled in 
the art from consideration of the present specification and practice of the present invention 
disclosed herein. It is intended that the present specification and examples be considered as 
exemplary only with a true scope and spirit of the invention being indicated by the following 
claims and equivalents thereof. 
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